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Given the complexity of themammalianmicrobiota, there is a need for simple models to decipher the effector
and regulatory mechanisms underlying host/microbiota mutualism. Approaches using Drosophila and its
simple microbiota carry the potential to unravel the evolutionarily conserved mechanisms engaged in
this association. Here, we review recent work carried out in this model, providing insights and exciting
perspectives.Metazoans carry dynamic microbial communities on their
mucosal surfaces with which they establish complex reciprocal
interactions. These interactions contribute to many aspects of
host physiology (Clemente et al., 2012). In the gut, these micro-
bial communities, called the microbiota, enhance digestive
efficiency by providing metabolic activities that aid their hosts
in maximizing the extraction of dietary energy. In addition, the
gut microbiota promotes proper immune system development
and local immune homeostasis and limits pathogen colonization
(Fraune and Bosch, 2010). In return, the microbiota derives
benefit from the association with its host by inhabiting a
nutrient-rich environment, as the host provides ‘‘le gıˆte et le
couvert’’ (i.e., ‘‘room and board’’). This mutually beneficial or
mutualistic interaction relies on a homeostatic host/microbiota
relationship that depends on two main parameters: the intrinsic
capacity of microbes to colonize and persist in the host and
the host’s ability to tolerate and control them (Sansonetti and
Medzhitov, 2009).When deregulated, this relationshipmay result
in pathological outcomes, such as episodic infectious diseases,
chronic inflammatory diseases, metabolic disorders, or even
some forms of cancer (Clemente et al., 2012).
It has been known for decades that humans carry ten times
as many bacterial cells as their own cells, but characterization
of the intestinal microbiota was hampered by the difficulty in
cultivating most of the gut bacterial species in the laboratory.
Thanks to the revolution in sequencing technologies, the com-
position of commensal bacteria communities and their collective
genome (metagenome) started to be unraveled a few years ago.
These massive sequencing efforts revealed a complex ecolog-
ical system: hundreds of different bacterial phylotypes (whose
relative proportions are influenced by environmental and host
factors [Spor et al., 2011]) inhabit the human gastrointestinal
tract, collectively encoding about 150 times more genes than
the human gene complement. Of note, relative to the human
genome, the microbiota metagenome shows a significant en-
richment in genes encoding metabolic activities (Qin et al.,
2010). Hence, the idea that the intestinal microbiota constitutes
an additional organ has re-emerged and is now widely accepted
(O’Hara and Shanahan, 2006). Despite this renewed interest,
a clear view of the physiological benefits associated with host/8 Cell Host & Microbe 13, January 16, 2013 ª2013 Elsevier Inc.microbiota relationship remains elusive, partly due to the com-
plexity of the system. Hence, themolecular mechanisms through
which the microbiota exerts its influence on humans are still
largely undefined. In this light, the use of experimental animal
models to evaluate and clarify the impact of intestinal bacteria
on their host’s physiology can be of great help.
Over the last two decades, Drosophila has proven to be a
powerful animal model to study several aspects of host defense
mechanisms (Lemaitre and Hoffmann, 2007). Now, the fly has
come into the spotlight again in the field of host-commensal
biology (Ryu et al., 2010) for several reasons. The sophisticated
Drosophila genetic toolkit enables in-depth in vivo analyses of
biological processes at the molecular, cellular, and organismal
level (Rajan and Perrimon, 2011). Additionally, the organ function
and physiology of the fruit fly are remarkably similar and relevant
to those of mammals. Most importantly, instead of harboring
complex bacterial communities in the digestive tract, wild or
lab-raised Drosophila carry simple and aerotolerant gut bacterial
communities that can be easily grown and studied in the lab
(Table 1; see below). The relative simplicity of fly gut microbiota,
coupled to the genetic tractability of both the host and its
commensals, allows one to focus on the basic principles and
mechanisms governing their mutualistic association that are
likely conserved in the whole animal kingdom.
Drosophila Intestinal Microbiota Composition
Numerous studies have now been conducted in order to identify
the commensal bacterial species residing in the Drosophila gut
(Brummel et al., 2004; Chandler et al., 2011; Corby-Harris
et al., 2007; Cox and Gilmore, 2007; Ren et al., 2007; Ridley
et al., 2012; Ryu et al., 2008; Sharon et al., 2010; Storelli et al.,
2011;Wong et al., 2011). These studies were carried out on labo-
ratory-raised Drosophila strains or on flies captured in the wild.
Collectively (Table 1), these studies reveal that Drosophila is
associated with simple bacterial communities, predominantly
Firmicutes (phyla) represented by Lactobacillaceae and Entero-
coccaceae (families) and mostly the alpha and gamma classes
of Proteobacteria (phyla) represented by Acetobacteraceae
and Enterobacteriaceae (families). Strikingly, the species Lacto-
bacillus plantarum and Acetobacter pomorum were identified
Table 1. Drosophila Intestinal Microbiota Composition
Phylum Class Order Family Genus Species Wild Lab
Adult Larva
Gut Body Gut Body
Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillusa L. plantarumb,d,e,f,g,h,j + + + + + +
Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillusa L. brevisd,e,h – + + + + +
Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus E. faecalisb,f,g + + + + – –
Proteobacteria Alpha Proteobacteria Rhodospirillales Acetobacteraceae Acetobacterc,i A. pomorume,f,h,j – + + + + +
Proteobacteria Alpha Proteobacteria Rhodospirillales Acetobacteraceae Acetobacterc,i A. acetib,d + + – + – –
Proteobacteria Alpha Proteobacteria Rhodospirillales Acetobacteraceae Acetobacterc,i A. tropicalisd,h – + + + + +
Proteobacteria Alpha Proteobacteria Rhodospirillales Acetobacteraceae Acetobacterc,i A. pasteurianusb,d + + – + – –
Proteobacteria Alpha Proteobacteria Rhodospirillales Acetobacteraceae Commensalibactere,i – + + – – –
Proteobacteria Alpha Proteobacteria Rhodospirillales Acetobacteraceae Gluconobactera,c + + + + – –
Proteobacteria Alpha Proteobacteria Rhodospirillales Acetobacteraceae Gluconoacetobactere – + + – – –
Proteobacteria Gamma Proteobacteria Enterobacteriales Enterobacteriaceaec,i Enterobactera,b – + – + – –
Bacterial species and genus associated with flies are presented with the original references and sample source. We choose to reference only species or genus found in at least two independent
published surveys. Species in bold represent what could be defined as a core bacterial community represented by most common bacterial species encountered in those surveys.
aBrummel et al. (2004).
bCox and Gilmore (2007).
cCorby-Harris et al. (2007).
dRen et al. (2007).
eRyu et al. (2008).
fSharon et al. (2010).
gStorelli et al. (2011).
hWong et al. (2011).
iChandler et al. (2011).
jRidley et al. (2012).
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Short Reviewrepeatedly in most of these independent studies. Lactobacillus
plantarum is found in all Drosophila melanogaster individuals
currently sampled in the wild (Chandler et al., 2011). Lactoba-
cillus brevis and Enterococcus faecalis were also frequently
associated with flies. These four species can therefore be de-
fined as the core (i.e., dominant) components of the Drosophila
melanogastermicrobiota (Table 1). All these species are aerobe-
or aerotolerant, making it easy to culture these bacteria in the
laboratory. In addition, these species can be genetically manip-
ulated. Furthermore, except for Acetobacteraceae, they are
commensals in mammals, including humans. Finally, most of
the time, only four to eight bacterial species are found to be
associated with a given fly population. This low complexity
contrasts with the richness and diversity of the microbiota
composition observed in mammals, differing by one or even
two orders of magnitude (Spor et al., 2011).
Factors Influencing Microbiota Composition
First of all, environmental factors strongly influence the fly micro-
biota composition. For example, composition of the ‘‘core’’ fly
microbiota varies between and within different Drosophila spe-
cies, among habitats and even laboratories. Corby-Harris et al.
analyzed 11 different natural populations of Drosophila mela-
nogaster and found that commensal bacteria species richness
vary among host locations (Corby-Harris et al., 2007). This
discovery prompted them to analyze how factors such as climate
and latitude influence the composition of gut microbiota, but no
significant correlation was made, suggesting that another envi-
ronmental condition, such as diet, influencesmicrobiota compo-
sition. Asubsequent groupaddressed this issuebycollecting and
comparing taxonomically differentDrosophila species feeding on
different food sources such as flower, fruit, or mushroom and by
identifying their commensal bacterial communities (Chandler
et al., 2011). The differences in the diversity and the dominance
of bacterial species associated with Drosophila species were
related to food source. For instance, the mushroom feeder
(D. fallen and MicroDrosophila sp.) contained high amounts of
Lactobacillales and had high richness and diversity, whereas
flower feeders (D. elegans, D. flavohirta, D. sp. aff. Immigrans,
and ScaptoDrosophila hibiscii) had no or less-abundant acido-
philic bacteria (such as Acetobacteraceae and Lactobacillaceae)
than did fruit feeders (D. hydei, D. immigrans, D. sulfurigaster,
D.melanogaster,D. sechellia, andD. takahashii). Conversely,En-
terobacteriaceaewere more abundant in flower feeders. In order
to test the effects of diet modifications on microbiota composi-
tion, Chandler et al. transferred different Drosophila species
coming from different food sources to the same medium and
observed that all individuals obtained a similar microbiota.
Second, they transferred isogenic fly populations with identical
microbiota to different culturemedia andobserved that the domi-
nant bacteria species varied based on themedia. These observa-
tions correlate with previous results showing that a change in the
sugar versus protein ratio in the medium affects the Acetobacter
versus Lactobacillus proportions in young adult flies (Ridley et al.,
2012; Wong et al., 2011). These data indicate that like in mam-
mals, change in diet is a leading factor in shaping the intestinal
microbiota composition in Drosophila (Spor et al., 2011).
Since nutrition also impacts host physiology, the reported
effects of diet on microbiota strongly suggest that the host phys-10 Cell Host & Microbe 13, January 16, 2013 ª2013 Elsevier Inc.iological condition impacts the abundance and composition of
commensal communities. Indeed, at different stages of the
Drosophila life cycle, feeding behavior and nutritional needs
vary (Bharucha, 2009). At larval stages, individuals increase their
body size 200-fold on a protein-rich diet, and the principal
activity of a larva is to feed to sustain its massive growth (Robert-
son, 1963). As systemic growth ends with pupariation, adult
flies feed less regularly, mainly to maintain energy homeostasis,
although adult females have a strong energy demand to sustain
vitellogenesis (Bharucha, 2009). Consistent with these changing
physiological needs, studies have reported that commensal
bacteria population persists but their load fluctuates during
the Drosophila life cycle and between genders (Bakula, 1969).
Wong et al. extended such findings by studying microbiota
composition at different life cycle stages (Wong et al., 2011).
They observed that, in the course of larval development, the
dominant species change from Lactobacillus fructivorans to
Lactobacillus plantarum. Then, at the pupal stage, Acetobacter
tropicalis overtakes the others. In young adults, L. fructivorans
becomes dominant again. Finally, a spectacular shift occurs
again in old adults as Acetobacter pomorum becomes the domi-
nant species in the community (Wong et al., 2011) (Figure 1).
Although there are still only a few studies on microbiota diversity
throughout the entire Drosophila life cycle, these findings clearly
indicate that the microbiota constantly adapts to the physiolog-
ical ‘‘status’’ of its host through development (or vice versa).
What, then, are the driving forces behind such changes? The
answer is still elusive, but it poses an exciting challenge to the
host/microbiota research community in the near future. An
interesting observation shows that the Acetobacter versus
Lactobacillus ratio reverses in old adults (Wong et al., 2011).
Such reversion could be related to the gut oxidative state. Ace-
tobacter species, in contrast with Lactobacillus species, grow
more rapidly under fully aerobic conditions, suggesting that the
gut oxidative state might change with age in flies and impact
microbiota composition, but this remains to be tested. This argu-
ment stresses that aging, a process that involves important
systemic physiological changes (De Loof, 2011), might also
affect the intestinal microbiota composition.
Several studies have shown that overall commensal bacte-
rial load increases with age and suggested that age-related
decreases in the efficiency of immune responses cause the
observed increase in bacterial load (Buchon et al., 2009; Ren
et al., 2007). To support this hypothesis, Buchon et al. further
showed that young flies from a laboratory-raised, immune-defi-
cient mutant strain bear increased bacterial load compared to
wild-type flies. This result suggested that blocking of antimicro-
bial defense indeed affects the gut microbiota (Buchon et al.,
2009). Previously, W.J. Lee’s group revealed that Drosophila
mucosal immune defense strongly impacts the local commensal
community composition. They identified that Commensalibacter
intestiniA911T is a dominant commensal bacterial strain in the
posterior midgut of the laboratory raised wild-type Drosophila
strain, while the pathogenic bacteria Gluconobacter morbi-
ferG707T is a cryptic commensal strain (Roh et al., 2008; Ryu
et al., 2008). They further discovered that Caudal (Cad), a master
homeobox gene involved in establishing the embryonic posterior
domain that later gives rise to theposterior part of themidgut, acts
as a specific transcriptional repressor of NF-kappaB-dependent
Figure 1. Functional Impact of Intestinal Microbiota on Drosophila
Biology
During the Drosophila life cycle, the intestinal microbiota evolves in terms of
quantity (central rotating arrow, thickness relates to microbiota load) and
composition, with fluctuating dominance between Lactobacillales (orange)
and Acetobacteraceae (blue) (see color gradients). During larval stages, the
intestinal microbiota promotes systemic growth through activation of TOR in
the fat body (yellow) and prothoracic gland (blue). TOR activity impacts
Ecdysone (Ecd) production, and Drosophila insulin-like peptide (dILP) secre-
tion by insulin-producing cells (IPCs) in the brain (pale green) into the hemo-
lymph via the dorsal vessel (pink). At adult stage, Drosophila microbiota
impacts intestinal stem cell (ISC; bright green) proliferation and thus tissue
homeostasis, as well as mating preference and life span. The mechanisms
underlying these effects remain elusive (dashed arrows).Drosophila larvae and
adults are modified from drawings obtained from Flybase (http://flybase.org/
static_pages/imagebrowser/imagebrowser10.html).
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Short Reviewantimicrobial peptide (AMP) production by intestinal epithelial
cells. Hence, constitutive AMP production in Caudal mutants
affects the balance between different bacterial populations in
the posterior region of the midgut. Indeed, localized ectopic
AMP production creates a selective pressure that causes a
decrease in the commensal C. intestiniA911T population and
correlates with an increase in the pathogenic G. morbiferG707T
population, leading to local and systemic pathology (Ryu et al.,
2008). Thiswork, albeit focusing on a limited region of themidgut,
demonstrated that host mucosal immunity has a critical role in
shaping the microbiota, at least in adult flies, and contributes to
optimal host fitness. Consistent with this finding, Paredes et al.
observed that flies with mutations in negative regulators of theimmune pathway that control AMP production in the gut
(PGRP-LB, PGRP-SC1, and pirk) had a severely reduced life
span, which is rescued in germ-free animals (Paredes et al.,
2011).
The same studies mentioned above indicate that gut micro-
biota characteristics are shaped by host factors such as devel-
opmental stage, age, and immune system status, but so far
the understanding of how the host domesticates its microbiota
remains in its infancy. This issue poses an exciting challenge
for future research but also raises the complementary questions
of whether and how the Drosophila microbiota affects host
biology. This is an exciting research area that has emerged
recently and has strikingly picked up its pace over the last two
years (Figure 1).
Drosophila Microbiota Impacts Mating Behavior
In the late 80s, Dodd showed that diet impacts the mating pref-
erence of Drosophila pseudoobscura (Dodd, 1989). Recently,
Sharon et al. studied whether the same phenomenon occurred
in Drosophila melanogaster (Sharon et al., 2010). A population
of wild-type flies was split into two groups, one raised on the
standard cornmeal-molasses-yeast agar (CMY) medium and
the other on a starch medium (starch). They then tested mating
preference of males and females from both groups. They
observed a significant bias toward positive assortative mating
that endured for at least 37 generations. The authors reasoned
that the observed mating preference is a direct consequence
of the synchronized change in intestinal microbiota due to the
similarity in diet, so they tested this hypothesis by giving anti-
biotics. Indeed, the mating preference was lost after this
treatment. The authors further discovered that one particular
commensal species, Lactobacillus plantarum, was much more
abundant in the starch-medium population than in the CMY
population, and they demonstrated that Lactobacillus plantarum
was the single species directly responsible for the microbiota-
mediated mating phenotype. Hence, the authors posit that the
bacteria Lactobacillus plantarum, present at low levels in flies
raised on CMY diet, somehow expand when flies are transferred
to starchmedium and that the expansion of this bacterial species
subsequently induces the mating preference phenotype. How
this change occurs and how this bacterium impacts host
behavior remains elusive, but these observations pave the way
for exciting future research.
Microbiota and Drosophila Life Span: Suspected Links
Independent studies have also measured the impact of
Drosophila microbiota on host longevity (Brummel et al., 2004;
Ren et al., 2007; Ridley et al., 2012). Brummel and colleagues
showed that raising flies without bacteria (i.e., germ free [GF]),
either by culturing them in an axenic environment or by providing
antibiotic-supplemented food, reduced their longevity. They
further identified the period in life when the microbiota mediates
this phenotype, either by adding commensal bacteria to the food
of axenic flies or by eliminating bacteria in conventionally raised
(CONV) animals with antibiotics at different times of the fly life
cycle. They concluded that the first week after adult emergence
is the critical period in which the microbiota promotes longevity.
How bacteria modulate this phenomenon remains elusive,
although a recent study showed that optimal nutrition in youngCell Host & Microbe 13, January 16, 2013 ª2013 Elsevier Inc. 11
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pool (O’Brien et al., 2011), while additional research has shown
that preserving the homeostasis of ISC proliferation promotes
life span extension (Biteau et al., 2010). In the light of these
discoveries, we can postulate that in young flies the intestinal
microbiota may preserve the homeostasis of ISC proliferation
and positively impact life span. Consistent with this hypothesis,
the groups of B. Lemaitre and W.J. Lee recently showed that
intestinal bacteria promote homeostasis of ISC proliferation
(Buchon et al., 2009; Shin et al., 2011). However, the link
between these observations and increased life span remains
uncharacterized.
The overall impact of the microbiota on life span seems even
more complex. Indeed, Brummel et al. also showed that removal
of bacteria late during adult life (after the fourth week of age)
increases longevity. This observation points to a deleterious
effect of the presence of bacteria in old flies, which is consistent
with the fact that aged flies have a reduced ability to fight infec-
tions (Ramsden et al., 2008). In contrast, Ren et al. and Ridley
et al. showed that under their culture conditions, fly life span
is not affected by the presence of commensal bacteria (Ren
et al., 2007; Ridley et al., 2012), even though bacterial load
increases both inside and at the surface of the body with aging
(Ren et al., 2007). The opposite findings among these studies
may be a result of flies being raised on different diets in different
laboratories, and therefore different bacterial communities being
associated with the hosts. We previously mentioned that some
pathogenic bacterial species such as Gluconobacter morbifer
colonize theDrosophila gut at low levels under normal conditions
but increase in proportion when immune pathways are overacti-
vated (Ryu et al., 2008). This overactivation phenomenon natu-
rally occurs during the course of aging (DeVeale et al., 2004).
Since Brummel et al. reported the presence of species in theGlu-
conobacter genus in their CONV flies (Brummel et al., 2004), we
can postulate that the microbiota associated with their animals
includes latent, potentially harmful Gluconobacter strains that
flourish in old flies and have a deleterious impact. Therefore,
removing the microbiota in older flies is beneficial in the study
by Brummel et al. Alternatively, since aging is tightly linked to
nutrition, metabolic homeostasis, and insulin signaling (Taguchi
and White, 2008), the observed longer life span of aged GF flies
suggests that the microbiota impacts these parameters.
Microbiota and Drosophila Physiology: The Growth
Connection
Ridley et al. revealed that energy homeostasis and carbohydrate
allocation patterns are altered in GF animals, compared to their
CONV siblings (Ridley et al., 2012). In their study, GF flies have
a ‘‘diabetic’’ phenotype with higher circulating sugars (glucose
in males and females and trehalose only in females) than their
CONV siblings. GF and CONV males store essentially the same
amount of carbohydrates, whereas GF females seem to store
greater amounts of glycogen compared to CONV females. The
exact causes of the sex specificity of these phenotypes are still
debated, but some hypotheses argue that the females’ higher
energy demands for egg production are the cause. Apart from
the peculiar metabolic signature, no other significant differences
were detected between CONV and GF animals regarding other
metabolites such as triglyceride or protein levels, body weight,12 Cell Host & Microbe 13, January 16, 2013 ª2013 Elsevier Inc.respiration rates based on oxygen consumption and carbon
dioxide production, survival to adulthood, or number of eggs
laid per female. These results therefore suggest that Drosophila
microbiota only modulates some aspects of its host physiology
at the adult stage, at least in the laboratory.
It was established long ago that nutrition and the presence of
intestinal bacteria influence insect developmental growth. At the
beginning of the 20th century, Eugene Wollman, a coworker of
Elie Metchnikoff at the Pasteur Institute in Paris, succeeded in
raising and breeding the first axenic animals in the lab, refuting
Pasteur’s initial hypothesis that animal life is impossible without
the help of micro-organisms (Pasteur, 1885). Although Woll-
man’s work showed for the first time that indigenous bacteria
are not necessary for developmental growth and adult life in
a protected environment, it concurred that intestinal microbes
stimulate larval development of the common fly (Calliphora vom-
itoria) by modulating the duration of fly development and larvae
survival (Wollman, 1911). Long after the Wollman experiment,
these observations were partly confirmed in Drosophila (Bakula,
1969). Recently, the impact of Drosophila microbiota on host
developmental growth has been characterized (Ridley et al.,
2012; Shin et al., 2011; Storelli et al., 2011) and the underlying
mechanisms have been partly dissected (Shin et al., 2011; Store-
lli et al., 2011). The amplitude of the phenotypic variation in de-
velopmental timing reported in these studies is striking. Indeed,
on a conventional diet rich in simple sugars and proteins, GF flies
emerge on average 2 days after their CONV siblings (i.e., 13
versus 11 days from egg to adult at 25C) (Ridley et al., 2012;
Shin et al., 2011), indicating that the microbiota residing in the
CONV flies promote juvenile growth. Markedly, this microbiota
growth-promoting effect is further enhanced upon nutrient scar-
city: when fed on a poor diet, the developmental delay increases
by 6 days in GF flies; when diet-restricted GF individuals were re-
associated with all or a subset of microbiota, the developmental
growth accelerated (Shin et al., 2011; Storelli et al., 2011). Shin
et al. further studied the growth promotion by microbiota on
minimal diets (i.e., by replacing inactivated yeast with casamino
acids). On this minimal diet, GF larvae die before the end of the
first larval instar. Remarkably, conventionally raised larvae do
grow and form viable adults, giving strong evidence that the
presence of the microbiota ensures viability and sustains growth
while the host is malnourished (Shin et al., 2011). These observa-
tions reconcile with Pasteur’s 1885 hypothesis, arguing that
under particularly harsh nutrient scarcity, which is probably
frequent in nature, animal life is impossible without its indigenous
micro-organisms.
Interestingly, these studies further showed that growth pro-
motion does not necessarily result from the cooperative work
of multiple commensal species, but can be mimicked by the
activity of a single dominant bacterial species, which differs de-
pending on the diet on which larvae are raised. Indeed, monoas-
sociation of lab-raised axenic embryos with single commensal
species (Acetobacter pomorum on simple sugar-rich diet [Shin
et al., 2011] or Lactobacillus plantarum on starch diet [Storelli
et al., 2011]) mimics the effects of the endogenous and more
complex microbiota. Using these gnotobiotic models (i.e., ani-
mals with microbiota of known composition), the authors re-
vealed that the observed accelerated larval development is
partly explained by an enhanced systemic growth rate, so that
Cell Host & Microbe
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trigger pupariation and obtain viable adults (Shin et al., 2011;
Storelli et al., 2011). Work conducted on the L. plantarum gnoto-
biotic model has demonstrated the strain specificity of this
effect, as different L. plantarum isolates were not equally able
to promote growth upon nutrient scarcity (Storelli et al., 2011).
Studies on A. pomorum delved deeper in the mechanistical
resolution on the bacterial side. Shin et al. performed a random
mutagenesis of their beneficial A. pomorum strain and showed
that periplasmic pyrroloquinoline quinone-dependent alcohol
dehydrogenase (PQQ-ADH) activity, responsible for acetic acid
biosynthesis, is necessary for Drosophila growth promotion.
Indeed, A. pomorummutant strain lacking this oxidative respira-
tory chain (P3G5 mutant strain) can colonize fly guts but is
completely inefficient in promoting growth. However, acetic
acid on its own is not sufficient to promote Drosophila growth,
whereas monoassociation with the P3G5 mutant strain on a
culture medium supplemented with acetic acid restores growth
promotion. Therefore, additional bacterial activities, besides
PQQ-ADH-produced acetic acid, are necessary. These observa-
tions shed light on the major involvement of specific sets of
microbial factors in the growth promoting effects, thus making
the fly gnotobiotic models a promising avenue for the character-
ization of microbial factors modulating host physiology.
Taken together, these recent studies reveal that GF individuals
show peculiar phenotypes with high circulating sugars and
longer larval stages. These prototypical phenotypes were previ-
ously associated with reduced signaling to Drosophila insulin-
like peptides (dILPs), which are structural and functional analogs
of mammalian insulin-like growth factors (IGFs) and insulin.
dILPs signal through insulin-like receptor and activate the phos-
phatidylinositol 3 kinase (PI3K)/AKT kinase pathway, which
represses the nuclear localization of the unique Drosophila Fork-
head box class O (FOXO) transcription factor (Hietakangas and
Cohen, 2009). Storelli et al. and Shin et al. showed that associa-
tion of GF animals with intestinal commensals enhances dILPs’
activity. In comparison with the mutant strain P3G5, animals
monoassociated with wild-type A. pomorum show higher tran-
scriptional rates for dILP3 and dILP5 in the brain, accompanied
by cytoplasmic retention of dFOXO in the fat body, which is
equivalent to the mammalian fat tissue and liver (Shin et al.,
2011). L. plantarum was also responsible for dILPs’ activity
enhancement, as monoassociation with L. plantarum lowers
the whole body mRNA levels of the insulin receptor (InR), a
negative readout of InR pathway activity (Storelli et al., 2011).
As InR pathway activity is modulated by nutritional inputs (Hieta-
kangas and Cohen, 2009), it is highly likely that the microbiota
enhances nutrient assimilation in flies. In Drosophila, nutrient
(amino acid) sensing is mediated by the TOR pathway, which
modulates hormonal signals controlling growth and maturation
in a tissue-specific manner (Hietakangas and Cohen, 2009).
During the mid-third-instar larval stage, TOR directly controls
the production of Ecdysone (Ecd), the insect molting hormone
produced by the prothoracic gland and regulates InR signaling
through complex crosstalk between different tissues (Hietakan-
gas and Cohen, 2009). In the L. plantarum gnotobiotic model,
genetic modulation of TOR activity in the fat body leads to
a loss of the beneficial effect of the microbiota and nutrient
scarcity caused a similar developmental delay in both monoas-sociated and GF animals. Similarly, affecting TOR activity in
the prothoracic gland also attenuates the beneficial effects of
the microbiota. This was confirmed by analysis of molecular
markers of Ecd activity, which were indeed induced upon
L. plantarum association. Overall, this study showed that bacte-
rial growth-promoting effects are indeed acting genetically
upstream of the host nutrient-sensing system (Storelli et al.,
2011). Collectively, these data showed that the microbiota acts
on the TOR nutrient sensing system to affect growth rate accel-
eration via promotion of dlLPs’ release and the maturation
process via enhancement of Ecd production (Figure 1). The
Drosophila microbiota therefore helps maximize host nutritional
efficiency, which does not stem from differences in feeding rates
between GF and colonized larvae, at least in the A. pomorum
gnotobiotic model (Shin et al., 2011). Interesting, in the Shin
et al. study, there were no apparent differences in general gut
physiology in terms of acid/base balance, but monoassociation
was responsible for higher intestinal stem cell proliferation rates
and a general increase in gut size. We can assume that an
increase in nutrient/gut exchange surface would contribute to
higher nutritional inputs, resulting in an enhanced host systemic
growth rate. However, further studies at the intestinal tissue and
cellular levels should be carried out to validate this hypothesis.
Collectively, these results demonstrate that in addition to
influencing host calorie uptake and metabolic homeostasis in
adults, the microbiota, at least in insects, promotes juvenile
host systemic growth.Conclusion
With the recent boom in studies on the microbiota associated
with mammalian digestive tracts, one of the pressing questions
in modern biology is how microbiota impacts human health,
as well as how to apply this knowledge to therapy. However,
the vast genetic and ecological complexity of mammalian
microbiota poses a challenge to researchers. Given the relative
simplicity of its microbiota and the ease to generate and manip-
ulate gnotobiotic individuals,Drosophila offers a uniquemodel to
bypass this complexity and to tackle challenging questions in
this emerging field. Having made tremendous contributions to
our current knowledge in genetics, developmental biology, cell
biology, neurobiology and immunity, the Drosophila research
community is now deeply (re-)embracing the study of physiology
(Rajan and Perrimon, 2011). The recent acquisition of new
knowledge that bridges Drosophila physiology and the resident
commensal bacteria (Figure 1) indicates that we are at the
dawn of a prolific era of discovery. Future Drosophila studies in
host/microbiota biology will unveil fascinating phenotypes and
new mechanisms. Indeed we will still ‘‘learn on the fly’’ during
the coming years.
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